In rats with polycystic ovarian syndrome (PCOS) induced by estradiol valerate (EV) injection, sectioning of the vagus nerve in the juvenile stage restores ovulatory function, suggesting that the vagus nerve stimulates the onset and development of PCOS. We analyzed whether in adult rats, the role played by the vagus nerve in PCOS development is associated with the nerve's regulation of noradrenergic activity in the celiac superior mesenteric ganglion (CSMG). Ten-day-old rats were injected with corn oil [vehicle (Vh)] or EV (2 mg). At 76 days of age, rats injected with Vh or EV were subjected to sham surgery or the sectioning of one or both vagus nerves (vagotomy). The animals were sacrificed at 80-82 days of age at vaginal estrus smear. Compared to Vh-treated animals, EVinduced PCOS rats showed a lack of ovulation, the presence of follicular cysts, and a high concentration of testosterone, without changes in noradrenaline concentrations in the CSMG or ovaries. In PCOS rats, sham surgery lowered serum testosterone and noradrenaline concentrations in the CSMG but did not restore ovulation. In animals with PCOS, vagotomy lowered testosterone concentrations to a larger degree than in sham-surgery animals. The ovaries of rats with PCOS and vagotomy showed fresh corpora lutea, indicating ovulation. In EV-treated rats with unilateral vagotomy, the concentration of noradrenaline in the CSMG was similar to that in rats with PCOS and sham surgery, which did not ovulate, while in the ovaries of PCOS rats with left or bilateral vagotomy, the noradrenaline concentration was lower than that in shamsurgery-treated animals. Our results suggest that the vagus nerve regulates PCOS development through a different mechanism than the increase in the noradrenergic activity in the CSMG; however, in ovaries, the restoration of ovulation is associated with a decrease in ovarian noradrenaline.
INTRODUCTION
Evidence on the functional interaction between the peripheral nervous system and the reproductive system has been published (Domínguez and Riboni, 1971; Gerendai et al., 2000 Gerendai et al., , 2009 Sosa et al., 2000; Casais et al., 2006) . The ovary receives sympathetic innervation from the celiac superior mesenteric ganglia (CSMG) by two routes: the ovarian plexus nerve (OPN) and the superior ovarian nerve (SON) (Klein and Burden, 1988) .
Experimental and clinical studies have shown the presence of multiple interactions between the sympathetic and parasympathetic nervous system, which are regulated through various pathways and mechanisms at the central and peripheral levels of the neuroaxis (Langer and Hicks, 1984; Myslivecek and Trojan, 2003) . According to Ondicova and Mravec (2010) , the peripheral interactions between the peripheral sympathetic and parasympathetic systems are based on the morphologicalfunctional organization of the pathways. These interactions may be realized at the levels of the sympathetic prevertebral ganglia and neuroeffector connections. The CSMG is part of the sympathetic prevertebral chain and is the intermediate structure most closely related to the ovaries (Sosa et al., 2000 (Sosa et al., , 2004 Morán et al., 2009 ). According to Fasano and Niel (2009) in the CSMG, there are three major types of cells, a set of neurons called principal ganglion cells, chromaffin cells, and glial cells, as well as a great variety of neurotransmitters with their respective receptors, such as noradrenaline and acetylcholine (Jan and Jan, 1983; Horn and Stofer, 1988) . The CSMG also has a profuse capillary plexus forming circulatory microcircuits among the different ganglionic structures (Tanaka and Chiba, 1996) .
According to Delgado et al. (2010) , the vagus nerve is mainly composed of cholinergic fibers, most of which arrive at the CSMG. Additionally, Powley (1993, 1996) suggested that the interaction between the vagus nerve and the prevertebral ganglia may modulate the postganglionic outflow, allowing the vagal system to exert a more selective influence on sympathetic outflow.
Polycystic ovarian syndrome (PCOS) is characterized by a complex pathophysiology. An experimental model proposed to study PCOS is the administration of 2 mg of estradiol valerate (EV) to infantile or adult rats, which results in the development of a syndrome characterized by the interruption of the estrus cycle, persistent vaginal cornification, anovulation, the formation of follicular cysts, alterations to the basal and pulsatile concentrations of follicle-stimulating hormone (FSH) and luteinizing hormone (LH), as well as high concentrations of estradiol and testosterone (Barria et al., 1993; Rosa-E-Silva et al., 2003; Sotomayor-Zárate et al., 2008) . These effects are similar to those observed in women with PCOS.
The primary etiology of PCOS remains unknown, though its association with increased sympathetic nerve activity has been identified (Barria et al., 1993; Lara et al., 1993; Sverrisdottir et al., 2008) . In rats with PCOS induced by injecting EV, the expression Abbreviations: BVNS, bilateral vagus nerve sectioning; CSMG, celiac-superior mesenteric ganglion; EV, estradiol valerate; LVNS, left vagus nerve sectioning; PCOS, polycystic ovarian syndrome; RVNS, right vagus nerve sectioning; Vh, vehicle. of tyrosine hydroxylase in the CSMG and the concentration of noradrenaline in the ovaries (Morales-Ledesma et al., 2010) are higher than in untreated animals. Both events were associated with the presence of precysts in the ovaries that precede the development of polycystic ovaries (Brawer et al., 1986; Lara et al., 2000 Lara et al., , 2002 Rosa-E-Silva et al., 2003) .
The participation of the vagus nerve in regulating ovarian functions has been suggested since the classic studies by Lawrence (1977, 1978) , and Burden et al. (1983) . We have previously shown that in 24-day-old rats with EV-induced PCOS, the unilateral or bilateral sectioning of the vagus nerve resulted in spontaneous ovulation in both ovaries (Linares et al., 2013) and decreased the noradrenaline concentration in the CSMG when the animal reached adulthood . These results suggest that the vagus nerve regulates the development of PCOS through its effects on the noradrenergic activity of CSMG.
To date, the main focus of these studies has been to analyze the role of the sympathetic hyperactivity reaching the ovaries via the SON, but the mechanisms regulating this hyperactivity are unknown. Thus, the present study aimed to analyze whether unilateral or bilateral vagotomy restores ovulation in the vaginal estrus cycle following surgery in adult rats and whether the role played by the vagus nerve in PCOS development is associated with the nerve's regulation of noradrenergic activity in the CSMG.
MATERIALS AND METHODS
All experiments were carried out in strict accordance with the Mexican Law of Animal Treatment and Protection Guidelines. The committee of the Facultad de Estudios Superiores Zaragoza approved the experimental protocols. The study was performed using prepubertal female rats of the CIIZ-V strain from our breeding stock. Animals were kept under controlled lighting conditions (lights on from 05:00 to 19:00 h) with free access to rat chow pellets and tap water.
Animal Treatment
Ten-day-old rats were injected with either a single dose of 0.1 ml of corn oil (vehicle (Vh)-treated n = 50) or 2 mg EV (Sigma Chem. Co., St. Louis, MO, United States) dissolved in 0.1 ml of corn oil (EV-treated n = 50). When Vh-treated and EV-treated rats reached 76 days of age, groups of ten animals were randomly assigned to one of the following groups:
(1) No surgery (Vh-control or EV-control).
(2) Sham-surgery (Vh-sham-surgery or EV-sham-surgery). Vagotomy and sham surgery procedures were performed between 10:00 and 12:00 h following previously described methodologies (Cruz et al., 1986; Linares et al., 2013 Linares et al., , 2017 . In brief, the rats were anesthetized with ether, and a ventral incision, including skin, muscle, and peritoneum, was made. Subsequently, the liver was retracted, the esophagus was exposed, and the left, right, or both vagal trunks were cut with fine forceps. Sham surgery involved the same procedures except that the vagus trunks were untouched. After surgery, the abdominal wall was sutured, and the animals returned to their cage.
Autopsy Procedures
All animals were sacrificed at 80-82 days of age after vaginal smear indicated estrus preceded by diestrus or proestrus. All rats in the study were sacrificed by decapitation between 10:00 and 12:00 h. The blood from the trunk was collected, allowed to clot at room temperature, and centrifuged for 15 min at 3,000 rpm. The serum was stored at −20 • C until progesterone, testosterone, and estradiol concentrations were measured. Following the criterion proposed by Burden and Lawrence (1977) , observing a distended stomach during autopsy was considered a sign of functional vagotomy. The oviducts were dissected, and the number of oocytes ovulated was counted with the aid of a dissecting microscope. The location of the CSMG was identified according to the methodology described by Hammond and Kreulen (2016) . In brief, the union between the celiac artery, the mesenteric artery and the aorta was located, and the adherent fatty tissue of the CSMG was removed and cleaned.
The ovaries and the CSMG of five animals were removed and stored at −70 • C until monoamines were measured using highperformance liquid chromatography (HPLC). The rest of the ovaries were processed to perform the morphological analysis.
Ovarian Morphology Assessment
The ovaries of Vh-control, EV-control and EV-treated rats with unilateral or bilateral vagotomy were cleaned of adherent fatty tissue, immersed in Bouin solution for 24 h, dehydrated, and embedded in paraffin. Ten-micron-thick serial sections were made and stained with hematoxylin-eosin. With the aid of a binocular microscope (Nikon model LabophoT-2, Japan), all ovarian sections were analyzed for the presence of fresh corpora lutea, healthy antral follicles and follicular cysts.
Hormone Measurement
Progesterone (ng/ml), testosterone (pg/ml), and estradiol (pg/ml) concentrations in serum were measured using radioimmunoassay with kits purchased from Diagnostic Products (Los Angeles, CA, United States). The intra-and interassay coefficients of variation were 7.46 and 8.43% for progesterone, 8.75 and 9.48% for testosterone and 7.83 and 8.74% for estradiol, respectively.
Noradrenaline Concentrations
The concentration of noradrenaline in the CSMG and ovaries was measured following previously described methodologies (Ayala et al., 1998) . In brief, the ovaries and the CSMG were weighed on a precision balance, individually homogenized in 300 µl of 0.1 N perchloric acid, and subsequently centrifuged at 12,000 g for 30 min at −4 • C. The supernatant was filtered using 0.2 µm regenerated cellulose filters. Twenty microliters of this extract was injected into a chromatography column via a Rheodyne injection valve. The HPLC system consisted of an isocratic pump (L-250 model; Perkin Elmer Co., Norwalk, CT, United States), a Rheodyne injection valve (7125 model; Perkin Elmer Co.), an Ultrasphere ODS preanalytical column (5 cm × 4.6 mm), and a Biophase ODS C-18 analytical column (25 cm 34.6 mm, 5 µm particle size; Bioanalytical Systems Inc., West Lafayette, IN, United States). The monoamine content in tissue was detected electrochemically using an LC-4A amperometric detector and an LC-5A glassy carbon transducer cell at an 850-mV potential. The mobile phase consisted of 0.1 M citrate buffer (Merck-México, SA.) at pH 3.0, with 175 mg of 1-octane-sulfonic acid (Sigma Chemical Co., St. Louis, MO, United States), filtered and degassed under vacuum. Immediately after degassing, 20 ml of acetonitrile and 21.5 ml of tetrahydrofuran for chromatography (Merck, Darmstadt, Germany) were added until a total volume of 500 ml was reached. The mobile phase was pumped at a flow rate of 1.2 ml/min. The system was calibrated by producing a 0.1 to 2 ng/ml standard range curve. Stock standards (Sigma Chemical Co., Louis, MO, United States) were prepared and diluted with 0.1 M perchloric acid on the same day as the experiment. Monoamine concentrations were identified by comparing the relative retention times in the samples with stock standards. Using a 1020 Perkin Elmer Nelson integrator, noradrenaline concentrations were determined by comparing the standard with the highest peak obtained from the samples. The results are expressed as picograms of neurotransmitter per milligrams wet tissue. The sensitivity for noradrenaline was 0.01 ng.
Statistical Analysis
The results are expressed as the mean ± standard error of the mean (SEM). The number of oocytes ovulated by ovulating animals was analyzed using the Kruskal-Wallis test, followed by the Mann-Whitney U-test. The percentage of ovulating animals was analyzed using the chi-squared test. Progesterone, testosterone, and estradiol concentrations in serum and noradrenaline concentrations in the CSMG and ovaries were analyzed using a two-way analysis of variance (ANOVA) followed by Tukeyś multiple comparisons test using the Graph Pad Prism 6 Software. Differences between two groups were analyzed using Student's t-test. A probability value less than 0.05 was considered statistically significant.
RESULTS

Effects of Sham Surgery in Vh-or EV-Treated Rats
Regardless of whether they were subjected to sham surgery, the rats injected with EV did not present oocytes in the oviducts or corpora lutea in the ovaries ( Table 1) .
The progesterone or estradiol concentrations were not modified by EV treatment, while the serum testosterone concentration was higher than that in the Vh-control group. Sham surgery in EV-treated rats resulted in lower serum progesterone or testosterone concentrations than those found in the EV-control group ( Table 1) .
The concentration of noradrenaline in the CSMG of the rats injected with EV and subjected to sham surgery was lower than in the control group injected with EV. In the ovaries of the animals injected with Vh or EV and subjected to sham surgery, the concentration of noradrenaline was higher than that in the control groups (Table 1) . 
Ovarian Morphology
Percentage of Ovulation and the Number of Oocytes Ovulated
No differences in the percentage of ovulating animals or the average number of oocytes released between right and left ovaries of rats injected with Vh or EV were observed. Therefore, the results obtained from each ovary were combined, and the results are reported as the percentage of ovulatory animals and the average number of oocytes released.
In the animals injected with Vh, right vagotomy resulted in a lower number of oocytes released than in the animals treated with Vh and sham surgery or in those treated with Vh and bilateral vagotomy. The rats injected with EV, subjected to sham surgery, did not present oocytes in the oviducts or corpora lutea in the ovaries. On the other hand, in the majority of the animals injected with EV and subjected to unilateral or bilateral vagotomy, oocytes in the oviducts and newly formed corpora lutea in the ovaries were found (Table 2) .
Progesterone, Testosterone, and Estradiol Concentrations
In Vh-and EV-treated rats, unilateral or bilateral vagotomy did not modify the serum progesterone concentration (Figure 2A) .
Unilateral or bilateral vagotomy in EV-treated rats resulted in lower serum testosterone concentrations than in the group subjected to sham surgery (p < 0.0001) (Figure 2B) .
The concentration of estradiol in rats injected with Vh subjected to right vagotomy was higher than in the group subjected to sham surgery or left vagotomy, while bilateral vagotomy resulted in a lower concentration with respect to right vagotomy. Right or bilateral vagotomy in rats injected with EV resulted in a higher serum estradiol concentration than that found in the group subjected to sham surgery (p < 0.0001).
In EV-treated rats, right vagotomy resulted in higher serum estradiol concentrations than in groups with left or bilateral vagotomy. Estradiol concentrations in EV-treated rats with bilateral vagotomy were higher than those in the corresponding Vh-treated group (Figure 2C) .
Noradrenaline Concentrations in the Celiac Superior Mesenteric Ganglia (CSMG) and Ovaries
Since no differences were observed between the left or right ganglion and ovaries in all the experimental groups, the results are expressed as the total noradrenaline concentration in ganglion and ovaries. Left vagotomy in EV-treated rats resulted in a lower noradrenaline concentration than the same surgery in the Vhtreated group (p < 0.01). In contrast, in animals injected with EV, bilateral vagotomy resulted in a higher concentration of noradrenaline than sham surgery (Figure 3) .
The concentration of ovarian noradrenaline in animals injected with Vh subjected to left or bilateral vagotomy was lower than in the group with Vh-sham-surgery. The concentration of noradrenaline in the ovaries of the animals injected with Vh subjected to right vagotomy was higher than that in those subjected to left or bilateral vagotomy. In contrast, in the ovaries of the animals injected with EV subjected to left or bilateral vagotomy, the concentration of noradrenaline was lower than in the groups subjected to sham surgery or right vagotomy (Figure 4) .
DISCUSSION
The present results suggest that in the adult rat, the development of PCOS is independent of the role that the vagus nerve has in the activity of the noradrenergic neurons of the CSMG.
According to Uchida et al. (2005) , the acute unilateral stimulation of the abdominal wall of the female rat increased the ovarian sympathetic activity and the estradiol serum concentration during the time of stimulation, suggesting that nerve signals of peripheral origin participate in the mechanisms regulating estradiol secretion. In contrast, electrical stimulation of the SON reduces ovarian secretion of estradiol and blood flow, while the same stimulus on the ovarian plexus nerve reduces blood flow but does not modify estradiol secretion (Kagitani et al., 2008) . The density of sympathetic nerve fibers increases in the ovaries of rats treated with EV (Stener-Victorin et al., 2005) , and according to Lara et al. (2000) , the hyperactivation of the ovarian sympathetic input resulting from EV treatment is related to an overproduction of ovarian neural growth factor (NGF) and its low-affinity receptor in the ovary. In the present study, Vh-treated rats with sham surgery showed no differences in progesterone, testosterone or estradiol concentrations in serum or in noradrenaline concentrations in the CSMG. In these animals, the noradrenaline concentration in the ovaries was higher. In EV-treated animals with sham surgery, the ovarian steroid hormone concentrations in serum and noradrenaline concentrations in the CSMG were lower; however, the noradrenaline concentration in the ovaries was higher. We suggest that the different responses to sham surgery observed in Vh-and EVinjected rats are explained by changes in the innervation of the peritoneum and ovaries induced by EV treatment. Barco et al. (2003) proposed the existence of a neural pathway between the peritoneum and the ovaries and suggested that these neural pathways play significant roles in ovarian secretion.
According to Gerendai et al. (2000) , there is a multisynaptic neural pathway between the ovary and several centers of the central nervous system (CNS), including vagal nuclei. The importance of the connection between the CNS and the ovaries has been evidenced by experiments in which the vagus nerve has been cut unilaterally (Morales et al., 2004; Linares et al., 2013) or bilaterally (Cruz et al., 1986; Morales et al., 2004) . It has been suggested that the information that reaches the ovaries via the vagus nerve participates in the regulation of ovarian functions (Burden et al., 1983; Cruz et al., 1986; Trkulja and Lackovic, 2001; Morales et al., 2004 Morales et al., , 2007 . Hemmings et al. (1983) showed that injecting luteinizing hormone releasing hormone (LHRH) into an EV-induced PCOS rat induces ovulation, suggesting that alterations in LHRH secretion by the hypothalamus are one of the main conditions that favor PCOS development and maintenance in the female reproductive system. On the other hand, we showed that in rats with EV-induced PCOS, the unilateral or bilateral vagotomy performed at 24 days of age resulted in ovulation in both ovaries 66-68 days after vagotomy treatment, without a change in gonadotropin concentration (Linares et al., 2013) . In the present study, ovulation in both ovaries was confirmed 4-6 days after vagotomy treatment, suggesting that the effect of vagotomy on the reestablishment of ovulation is due to the immediate effect that the vagus nerve has on noradrenaline activity in the ovaries rather than the changes in gonadotropin concentration. In this regard, Allen et al. (1985) showed that vagotomy on the morning of proestrus did not prevent the proestrus LH surge and rats became estrus on the following day.
According to Tóth et al. (2007) , the neural connections between the left ovary and brain structures are more abundant than those of the right gonad. Pastelín et al. (2017) showed that the neural pathways and sympathetic ganglia involved in the communication between the ovaries and the preganglionic neurons are different on the left and right side. The present results suggest that in rats with EV-induced PCOS, the vagus nerve plays an asymmetric role in regulating ovarian noradrenaline concentrations, since left vagotomy resulted in lower noradrenaline concentrations, while right vagotomy did not modify noradrenaline concentrations. We have previously shown that unilateral or bilateral sectioning of the SON in 24day-old EV-injected rats resulted in decreased noradrenaline ovarian content (Morales-Ledesma et al., 2010) . According to Lara et al. (2002) , depending on the experimental animal model studied, the changes in noradrenaline concentration occur as a consequence of changes in sympathetic activity. Therefore, in the EV-injected rats, ovarian noradrenaline content seems to be regulated by neural information carried by the vagus nerve and the SON.
The cholinergic or noradrenergic stimulation of the CSMG modifies the release of ovarian steroids, providing physiological evidence of the participation of the sympathetic ganglionic pathway in the ovarian response (Sosa et al., 2000 (Sosa et al., , 2004 Casais et al., 2006; Delgado et al., 2006; Vega-Orozco et al., 2006) . According to Klein and Burden (1988) , the fact that preganglionic fibers reaching the coeliac ganglia are of a cholinergic nature indicates that there exists a cholinergic modulation of the sympathetic postganglionic input to the ovary. Mravec (2011) proposed that vagal sensory fibers activated directly by adrenaline and noradrenaline represent the afferent extremity of a negative feedback loop that adjusts the activity of the sympatho-adrenal system according to the actual concentrations of plasma catecholamines and tissues. In the present study, bilateral vagotomy in rats with PCOS increased the noradrenaline concentration in the CSMG. It is possible that the vagus nerve also adjusts the activity of the sympatho-ovarian system.
The serum testosterone concentration in EV-induced rats with PCOS has been described as higher (Morales-Ledesma et al., 2010 ), lower (Rosa-E-Silva et al., 2003 Sotomayor-Zárate et al., 2008) , and similar to those of control groups (Hemmings et al., 1983; Barria et al., 1993) . In the present study, the testosterone concentration in EV-induced PCOS rats was higher than that in the Vh-treated group. According to Rosa-E-Silva et al. (2003) , the rapid conversion of testosterone to estradiol in the ovary and/or its periphery can explain the lower testosterone concentrations they observed.
According to Stocco et al. (2007) , in rodents, luteal cells continue to synthesize androstenedione and estradiol but become a site of substantial progesterone biosynthesis; the corpus luteum expresses high levels of key proteins involved in the uptake, synthesis, and transport of cholesterol and in the processing of cholesterol to progesterone and androgens as well as estrogens. Lawrence et al. (1978) showed that bilateral vagotomy on day 8 of pregnancy in rats decreased the activity of 3β-hydroxysteroid dehydrogenase in the corpus luteum and interstitial gland. Castro et al. (2001) showed that during the prepubertal development of the rat, a significant change in monoaminergic neural activity occurs within the anterior and medial hypothalamus and suggest that such a change may be linked to the development of neuroendocrine processes. We have previously shown that adult rats (90 days old) with bilateral vagotomy performed in the juvenile period (24 days old) present higher serum concentrations of progesterone, testosterone and estradiol than rats with sham surgery, while unilateral vagotomy did not modify hormone concentrations (Linares et al., 2013) . The present results show that unilateral or bilateral vagotomy reversed the hyperandrogenism observed in rats with EV-induced PCOS and that right or bilateral vagotomy lowered estradiol levels. It is possible that the different effects of vagotomy performed in juvenile and adult rats on the concentration of steroid hormones are due to differences in the maturation of the vagal regulatory systems on steroid hormone secretion.
CONCLUSION
In the adult rat, the persistence and development of PCOS are independent of the role that the vagus nerve has in the activity of noradrenergic neurons in the CSMG and apparently depend on the stimulating role of the nerve on the noradrenergic system of the ovary. The mechanism by which the vagus nerve modulates noradrenergic activity in the ovary is not yet clear. Based on the present and previous results, we suggest a combined involvement of the vagal and noradrenergic system that favors the formation of cysts.
